Introduction.-Many of the growth and developmental responses of higher plants are influenced by light or by the interplay of light and dark. The control of the morphogenetic aspects of plant behavior appears to be exerted through mechanisms which are distinct from and in some cases at least independent of the photosynthetic machinery. Light affects directly, for example, the growth of hypocotyls and mesocotyls, coleoptile elongation, leaf expansion, the germination of certain seeds, and the pathway of bud differentiation. The photochemical control of floral initiation, the phenomenon of photoperiodism, constitutes a particularly well described instance of the morphogenetic role of light. Despite our recognition of light as a dominant factor in plant development, we have however little more than descriptive knowledge of the processes involved.
A second factor which we recognize today as of general significance in the control of plant morphogenesis is the chemical control exerted by hormones of the auxin group. Auxins control many morphogenetic responses, and it so happens in addition, that many of these auxin-controlled responses are further affected by light. That this is so is particularly evident in the much-studied cases of coleoptile growth and of floral induction. In both of these instances light and exogenous auxin supplied in appropriate dosages act in the same direction, promoting the growth of coleoptiles' and the flowering of long day plants2 or on the other hand suppressing the flowering of short day plants. 3 Added light and added auxin can, to a considerable extent, replace one another in the control of these two quite different plant responses.
We may logically inquire whether there may exist some relation between the effects of light and those of auxin. We might ask whether light in some way brings about its effects through influences upon the auxin system of the plant itself. It has already been shown by Galston4 that appropriate light treatment increases the destruction of auxin by plant tissue through activation of the indoleacetic acid oxidase system. This paper will be concerned only with those cases in which growth is promoted by exposure to light. Red light, which we know to promote the elongation of oat coleoptiles, appears to exert its influence by inducing the production in plant tissue of an auxin receptor which thereby becomes able to combine with auxin to form the growth active auxin-receptor complex. It is this complex which appears to be responsible for many and perhaps for all of the auxin regulated plant responses.-Light in the near infra-red wave-length region inhibits the auxin-induced growth of oat coleoptiles and appears to do so by destruction of the active auxin-receptor complex. The products of the infrared mediated reaction include an inactive form of the receptor, a form not capable of recombining with auxin. Finally it will be shown that the facts available conceming certain of the auxin-light mediated plant responses are compatible with and may be interpreted in terms of the concept of a cyclical light controlled process. In the morphogenetic photocycle red light promotes the formation of auxin-receptor from an inactive auxin-nonreceptive precursor. Infra-red light on the other hand promotes the destruction of the auxin-receptor complex with regeneration of auxin-nonreceptive precursor.
Experimental Approach.-That the auxin molecule is active in eliciting the growth response only after it has become combined to an appropriate receptor entity within the cell is evident from the fact that auxin-induced growth may be accurately described in-terms of classical enzyme kinetics. 6 We may represent the growth process as controlled by the reactions of Eq. (1) below. E + S KL ES k Growth (1) E of Eq. (1) represents the auxin receptive moiety within the plant while S represents the auxin molecule. These two combine to form the growthactive complex, ES. The system is further described by the parameters K, and k which are, respectively, the disassociation constant of ES and the rate constant which relates ES to final growth rate. The sections were allowed to grow for 6 or 16 hours at a temperature of 25-260C. and their length then measured.
The spectral qualities of the various filters used in illumination of the plants are shown in figure 1. The Response to Red Light.-That the growth of the Avena coleoptile is influenced by red light has been known since the work of Vogt, Lange, and others.6 During the first 80 hours, growth of the seedling Avena coleoptile is negligible in total darkness1 7 but proceeds rapidly in low intensities of red light.1 The action spectrum for the promotion of Avena coleoptile growth6 corresponds closely to the action spectra found for the photoperiodic response,8 the promotion of seedling leaf growth,9 and the promotion of seed germination. 10 The promotive effect of red light on the growth of the Avena coleoptile cannot be mediated by effects on auxin production since red light increased growth rate of excised sections which are supplied with non-limiting amounts of auxin.1 It can further be shown that red light elicits its growth promotive effect even when auxin is not present in the tissue at the time of exposure to light. For these experiments sections from dark grown plants were cut under low-intensity green light. The sections were pooled and divided into three lots which were then treated separately. Group 1 was exposed directly to red light for 30 minutes, returned to darkness, and IAA added. Group 2 was supplied with IAA and allowed to remain in the dark for 30 minutes before being moved to red light. After a 30 minute exposure to red light the plants were returned to the dark. Group 3 received 30 minutes' treatment in auxin-free basal solution in the dark after which the auxin was added and the sections maintained in darkness. All groups were measured after 16 hours' incubation. The results of a typical experiment are presented in table 1 with the coleoptile to increase response to auxin is furnished by the data of figure 2 in which growth velocity is plotted as a function of concentration of auxin supplied to the sections. Figure 3 presents the same data in reciprocal form following the Lineweaver-Burk treatment. It is clear from figure 3 that red light serves to increase Vmax but leaves K, uninfluenced. The action of red light is then to be interpreted as due either to an increase in Etotal (increase in total number of auxin-receptive entities) or as due to an increase in k. Red light does not alter the affinity of the receptive entity for auxin nor does it alter the quantitative requirement of the tissue for auxin.
The Response to Infra-Red Light.-The growth promotive effect of red light on Avena coleoptile section growth is reversed by infra-red light, the maximum effectiveness being attained at a wave-length of about 7300AL.
This reversal is obtained only when auxin has been supplied to the tissue before infra-red light is given. The following experiment demonstrates these relations. Plants which had been grown in total darkness were sectioned, pooled, and divided into 3 lots, all under low-intensity green light. All lots were next exposed to red light for 30 minutes. Lot 1 was transferred to infra-red light for 45 minutes and then to dark at which time auxin was added. Lots 2 and 3 were moved from red light to darkness at which time they received auxin. The sections of lot 2 were incubated with auxin for 1 hour in the dark and then given 45 minutes of infra-red light followed by darkness during the remainder of the experiment. The data show that infra-red light is effective only if given in the presence of auxin. If auxin is not present at the time of exposure to infra-red, the light is ineffective in causing inhibition of elongation.
Further information concerning the interaction of auxin and infra-red light is contained in figures 4 and 5. In figure 4 growth rate is plotted as a function of auxin concentration while figure 5 presents the same data in double reciprocal form. It is clear that infra-red light acts to decrease Vmax but leaves K, unchanged. This effect is manifest only when the infrared light is given in the presence of added auxin. These facts suggest that infra-red light may attack and decompose the complex ES but that it does not influence E, S, or the k relating ES concentration to growth rate.
It is apparent from the data of figures 2 and 4 and from the data of tables 1 and 2 that the effects of red and of infra-red light in the growth of Avena coleoptile sections are only quantitative ones. Under the conditions of the experiments and with the plant material used red light increases growth rate by some 25% or more while infra-red inhibits by the same amount. The coleoptile evidently possesses the ability-to carry out both the red and infrared mediated reactions at reduced rates in the dark. Thus sections cut in the dark from dark grown plants show no further inhibition of growth when given infra-red light. Only after dark adapted plants have been supplied with red light does infra-red light become effective in reducing growth. It appears therefore, that infra-red light and darkness act in the same direc- (2) to (4) may be simplified and combined in cyclic form as indicated in figure 6 . The cyclic formulation of the reactions which have been proposed as relating light to auxin action will be referred to as the photocycle.
Interpretation of Plant Responses in Terms of the Photocycle.-The principles of the cyclic interconversion of Ep, E and ES discussed above are of general interest since it appears that many of the otherwise unrelated descriptive facts concerning the morphogenetic effects of light and auxin can be comprehended within this one conceptual framework. This is true for example of photoperiodism. The flowering of short day plants is induced THE MORPHOGENETIC PHOTOCYCLE by the production within the leaf of a flowering hormone. the leaf promotes flowering even when The morphogenetic photocycle. A the dark periods are shorter than the hypothesis concerning the interaction critical. Applied auxin antagonists of auxin and light in plant tissues. S, also antidote the effect of red light in-represents the auxin molecule; E, the terruption of the dark period12 as well auxin receptive entity; ES, the auxins r . . 3~~~~~r eceptor complex; Ep, the auxin-nonas the effect of applied auxin.3 These receptive precursor of E.
facts suggest that the induction of flowering may be a response to a drop in effective auxin level within the leaf, a drop which is somehow achieved in dark periods longer than the critical. They suggest further that red light acts to interfere with the drop in effective auxin level which normally occurs during darkness. These changes in effective auxin level do not appear to be clearly reflected in any changes in the level of free, uncombined auxin in the leaf.
The Leaf Expansion.-The leaves of many seedling plants do not expand unless they are exposed to light. The energies required are low and the action spectrum, with a maximum at 6600AL, is generally similar to that of other light controlled morphogenetic responses.9 A particularly convenient system with which to work is the seedling bean leaf,'7 excised disks of which expand in response to red light. The response to red light is magnified in the presence of added auxin and is completely reversed by infra-red light. 18 These relations are similar to those found in the oat coleoptile. Their interpretation in the present terms is as follows: young bean leaves require ES for expansion; They can synthesize some S (auxin) but the conversion of Ep to E is almost totally red light dependent. The decay of ES is either rapid (in infra-red light) or slow (in dark).
Seed Germination.-Certain seeds, as those of lettuce, require light in order to germinate. The action spectrum for the promotion of lettuce seed germination is similar to those for other morphogenetic responses. 10 The effect of red light in promoting germination may be immediately negated by infra-red light and decays also, although more slowly, in darkness.10 In order to determine whether these observations fit into the present scheme it is necessary first to know whether ES is essential to seed germination, i.e., whether seed germination is an auxin-mediated process. Added auxins are, in general without effect on germination at low concentrations and are either ineffective or inhibitory at higher concentrations.1" It is well known, however, that seeds normally contain auxin2O and that varied changes in auxin content occur during germination.21 Germinating seedlings also show a variety of responses to added antiauxins and to auxins in high concentrations. It would appear then that if germination is indeed an auxin mediated process, seeds normally possess both E and S. Lettuce seed would, in the present terms, be remarkable in containing E, rather than E. The red light requirement would be based on the requirement for the conversion of Ep to E preparatory to the formation of ES which would then lead to germination.
Conclusion.-The information presented above suggests that many heretofore unrelated processes which are affected by both light and auxin, including red light induced growth of the Avena coleoptile, the photoperiodic response, leaf expansion, and seed germination, may all have their basis in a common mechanism. All of these processes have approximately the same action spectra with effective peaks at ca. 660O, all are freely reversed by infra-red light, and all appear to be auxin-dependent. It has been shown that in the case of the Avena coleoptile, red light appears to exert its effect through the generation of an auxin-receptive entity, E, within the plant and that infra-red light acts to decompose the active complex ES into an auxin-non-receptive entity. In the coleoptile these processes also proceed thermally although at reduced rates. This is particularly true of the infra-red mediated decomposition of ES. The present paper calls attention to the fact that a concept of the cyclic interconversion of auxin-non-receptive precursor, auxin receptor, and receptor-auxin complex by light and dark can be applied without violence to the interpretation of these varied plant responses. The concept presented, that of the photo-cycle, at once suggests a variety of experimental approaches which may be used to further test its validity in each individual instance.
